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Modulation of EphA Receptor Function
by Coexpressed EphrinA Ligands
on Retinal Ganglion Cell Axons
tral and peripheral nervous systems. In this process,
temporal axons project onto the rostral tectum and nasal
axons onto the caudal tectum, while ventral and dorsal
retina are connected to dorsal (medial) and ventral (lat-
eral) tectum, respectively (Mey and Thanos, 1992; Holt
Martin R. Hornberger,*‖ Dieter DuÈ tting,*‖
Thomas Ciossek,* Tomoko Yamada,²
Claudia Handwerker,* Susanne Lang,*
Franco Weth,* Julita Huf,* Ralf Weûel,*
Cairine Logan,³# Hideaki Tanaka,²
and Uwe Drescher*§ and Harris, 1993). The prevailing hypothesis explaining
the development of these very precise connections, for-*Department of Physical Biology
Max-Planck Institute for Developmental Biology mulated by Sperry decades ago, is the chemoaffinity
hypothesis (Sperry, 1963). He proposed that moleculesSpemannstrasse 35
72076 TuÈ bingen expressed in gradients in the tectum would provide posi-
tional information along which ingrowing retinal axonsGermany
²Division of Developmental Neurobiology endowed with receptors expressed in gradients might
find their correct retinotopic position.Department of Neuroscience
Kumamoto University Graduate School Recently, the Eph family of receptor tyrosine kinases
and their ligands has been implicated in this patterningof Medical Sciences
Kuhonji, Kumamoto 862 process. Based on a number of descriptive and func-
tional studies, members of the EphA subfamily in partic-Japan
³Department of Developmental Neurobiology ular have been proposed to contribute to the guidance
of retinal axons in the naso-temporal axis (Cheng etUnited Medical and Dental Schools
Guy's Hospital al., 1995; Drescher et al., 1995; Nakamoto et al., 1996;
Brennan et al., 1997; Monschau et al., 1997; Ciossek etLondon SE1 9RT
United Kingdom al., 1998; Connor et al., 1998; Davenport et al., 1998;
Frisen et al., 1998; reviewed by Roskies et al., 1995;
Drescher et al., 1997; Pasquale, 1997; Flanagan and
Vanderhaeghen, 1998).Summary
Owing to its high-temporal-to-low-nasal expression
pattern in the retina, the EphA3 receptor in particularThe Eph family is thought to exert its function through
was proposed to be involved in the retinotopic targetingthe complementary expression of receptors and li-
of temporal axons to the rostral tectum (Cheng et al.,gands. Here, we show that EphA receptors colocalize
1995; Monschau et al., 1997). It is believed that axonson retinal ganglion cell (RGC) axons with EphA ligands,
expressing EphA3 project onto the rostral tectum, be-which are expressed in a high-nasal-to-low-temporal
cause they are deflected from the caudal part of thepattern. In the stripe assay, only temporal axons are
tectum through the repellent activity of two ephrinA li-normally sensitive for repellent axon guidance cues of
gands, ephrinA2 and ephrinA5, which are expressed inthe caudal tectum. However, overexpression of ephrinA
overlapping gradients in the tectum in a high-caudal-ligands on temporal axons abolishes this sensitivity,
to-low-rostral manner.whereas treatment with PI-PLC both removes ephrinA
Besides these three molecules, there are at least nineligands from retinal axons and induces a striped out-
other Eph family members expressed during develop-growth of formerly insensitive nasal axons. In vivo,
ment of the retinotectal projection, often in dynamicretinal overexpression of ephrinA2 leads to topo-
spatially and temporally restricted patterns.graphic targeting errors of temporal axons. These data
RNA in situ hybridization analyses showed that ephrinA5suggest that differential ligand expression on retinal
is expressed not only in the optic tectum but also in theaxons is a major determinant of topographic targeting
nasal part of the retina of mouse, zebrafish, and chickin the retinotectal projection.
(Marcus et al., 1996; Brennan et al., 1997; Connor et al.,
1998). We were interested in the function of the retinalIntroduction
expression of ephrinA5, particularly in whether it also
contributes to retinal ganglion cell axon guidance. WeIdentification and characterization of molecules and
therefore analyzed the protein expression pattern ofmechanisms by which retinal ganglion cell axons are
ephrinA5 and other selected Eph family members duringguided to their appropriate target zones in the tectum
development of the retinotectal projection of chick.have been the focus of long standing investigations. The
Here, we show that based on a high-nasal-to-low-retinotectal projection serves as a model system for
temporal expression pattern, ephrinA2 and ephrinA5topographic projections, which are numerous in the cen-
colocalize with uniformly expressed EphA receptors on
retinal ganglion cell axons. The meaning of these ex-
§ To whom correspondence should be addressed (e-mail: uwe. pression patterns was characterized by gain-of-function
drescher@tuebingen.mpg.de). and loss-of-function analyses carried out in vitro and in‖ These authors contributed equally to this work.
vivo. The data presented suggest a prominent role of# Present address: Department of Cell Biology and Anatomy, Faculty
axonally expressed ephrinA ligands in the developmentof Medicine, University of Calgary, 3330 Hospital Drive N. W., Cal-
gary, Alberta T2N 4N1, Canada. of the retinotectal projection.
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Figure 1. Expression Patterns of EphA Fam-
ily Members in the Eye and Optic Nerve at E6
Immunohistochemical analysis of horizontal
sections of the head region of a chick embryo
cut at the level of the optic nerve head, the
exit point of retinal fibers into the optic nerve.
A monoclonal antibody has been used that
is specific for EphA4 (A), EphA3 (C), ephrinA2
(E), or ephrinA5 (G). (I) shows immunofluores-
cence analysis omitting the first antibody. To
identify the pathway of retinal fibers devoid
of cell nuclei in the eye, corresponding DAPI
stainings to (A), (C), (E), (G), and (I) are shown
in (B), (D), (F), (H), and (K). Nasal retina has
been oriented to the right, temporal retina to
the left. Abbreviations: n, nasal; od, optic
disc; ofl, optic fiber layer; on, optic nerve; t,
temporal; and vb, vitreous body. The thick-
ness of the optic fiber layer has been labeled
with a square.
Results ingrowth of retinal axons into the tectum (Mey and
Thanos, 1992).
In the E6 retina, the EphA4 receptor is expressed atExpression Pattern of EphA Family Members
on Retinal Ganglion Cell Axons similar levels in the optic fiber layer of nasal and temporal
retina (Figure 1A), while EphA3 expression is almostThe expression patterns of EphA3 (Cek4) and EphA4
(Cek8) and their ligands ephrinA2 and ephrinA5 in the exclusively confined to the fiber layer of the temporal
retina (Figure 1C). EphrinA2 is asymmetrically expresseddeveloping retinotectal projection were investigated on
retinal explants and cryostat sections at embryonic day in the retina, with a stronger expression in the nasal half
than in the temporal half (Figure 1E). Such an asymmetric6 (E6) with specific monoclonal antibodies (see Experi-
mental Procedures). The first retinal axons leave the eye expression is much more pronounced for ephrinA5,
which is mostly confined to nasal retinal fibers (Figureat E3 and start to invade the tectum at E6; thus, the
analysis at this time point covers the period of the early 1G). These patterns are particularly obvious at the optic
Coexpression of Eph Receptors and Ligands
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Figure 2. Expression of EphrinA5 on Nasal
RGC Axons and Growth Cones
Retinal explants from nasal (A±D, G, and H)
and temporal (E and F) retina of E6 chick em-
bryos were grown overnight on laminin-coated
glass coverslips and subsequently stained
with an antibody specific for ephrinA5.
(A) Patchy expression of ephrinA5 on nasal
RGC axons.
(C) After incubation with PI-PLC, an enyzme
that specifically cuts GPI-anchored proteins,
staining of nasal retinal fibers is strongly re-
duced.
(E) EphrinA5 is not detectably expressed on
temporal RGC axons.
(G) Expression of ephrinA5 on a nasal retinal
growth cone.
(B), (D), (F), and (H) represent phase contrast
pictures of (A), (C), (E), and (G). Magnifications
are 403 for (A) through (F) and 1003 for (G)
and (H).
disk, the exit point of retinal axons into the optic nerve. nasal retinal axons (Figure 2C). The patch-like appear-
ance of ephrinA5 expression on retinal axons possiblyThe expression of all four Eph family members on retinal
fibers is underlined by staining the sections in parallel might be due to the particular features of GPI-anchored
proteins. Molecules carrying this type of membrane an-with 4',6-diamidino-2-phenylindole (DAPI), which labels
cell nuclei but not the fiber layer (Figure 1). Importantly, chorage have been shown to cluster in microdomains
of the membrane having special lipid compositionsstaining is not confined to the retina but is seen also
in the optic nerve, indicating the expression of these (Friedrichson and Kurzchalia, 1998; Varma and Mayor,
1998). A similar patchy staining pattern of retinal axonsproteins on retinal fibers after exiting the eye and while
growing toward the tectum. However, we cannot ex- was observed for ephrinA2, which likewise could be
removed by PI-PLC treatment. However, in contrast toclude the possibility that part of the optic nerve staining
results from the staining of glial cells expressing Eph ephrinA5, this molecule was found to be expressed also
on temporal axons, albeit at lower concentrations thanreceptors or ligands.
To further characterize the expression of Eph ligands on nasal axons (data not shown).
An overview of the expression patterns of the ana-on retinal ganglion cell (RGC) axons, retinal explants
were stained with antibodies specific for ephrinA2 and lyzed EphA family members in the retina and the tectum
is given in Figure 3.ephrinA5. As seen in Figure 2, ephrinA5 is expressed
on the axons and growth cones of nasal (Figures 2A
and 2G) but not temporal RGC axons (Figure 2E). Treat- Stripe Assay Analyses after Retinal Overexpression
of EphrinA2 and EphrinA5ment of these cultures with PI-PLC, which specifically
cuts glycosylphosphatidylinositol- (GPI-) anchored pro- To determine the significance of the differential expres-
sion of ephrinA ligands on nasal versus temporal retinalteins from membranes, led to a dramatic loss of staining,
indicating that ephrinA5 has been effectively shed from axons, we examined the functional consequences of
Neuron
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Figure 3. Projection Scheme of Retinal Ax-
ons and a Summary of the Expression Pattern
of EphA Family Members in the Retina and
the Tectum
The EphA receptors EphA4 and EphA5 are
uniformly expressed in the retina, whereas
EphA3 is expressed in the temporal retina in
a gradient, and there is little or no expression
in the nasal retina. EphrinA2 and ephrinA5 are
expressed in the retina in a high-nasal-to-
low-temporal gradient, whereby the expres-
sion domain of ephrinA5 is restricted more to
the nasal retina than that of ephrinA2. Both
ligands are expressed in the tectum in a high-
caudal-to-low-rostral gradient. The expres-
sion domain of ephrinA5 is restricted more to
the caudal half of the tectum than that of
ephrinA2. The projection of temporal axons
onto the rostral tectum and the projection of
nasal axons onto the caudal tectum are indi-
cated.
overexpressing these ligands on temporal retinal axons. in the standard stripe assay with rostral and caudal
tectal membranes as substrates (Walter et al., 1987). InTo do this, we used replication-competent RCAS(B) ret-
roviruses (Hughes et al., 1987; Fekete and Cepko, 1993; total, seven independent stripe assay experiments were
performed in which, in each case, three retinas fromMorgan and Fekete, 1996) containing the cDNAs for
ephrinA2 or ephrinA5. High-titer viral stocks (.108 IU/ infected embryos and one or two retinas from control
infected embryos were analyzed. About four to six retinalml) were injected through the posterior wall of the right
optic vesicle into the joined optic vesicle/optic stalk/ explants per embryo were analyzed in the stripe assay
(ephrinA5: n 5 80, with 15 embryos; ephrinA2: n 5 36,prosencephalon ventricle of the embryonic forebrain at
Hamburger-Hamilton (HH) stages 10±12 (10±14 so- with 6 embryos; controls RCAS(B) and RCAS(B), con-
taining alkaline phosphatase: n 5 54, with 9 embryos).mites). The injected eggs were further incubated until
E7, after which retinas were dissected out and analyzed When summing up the behavior of retinal axons within
Figure 4. The Striped Outgrowth of Temporal
RGC Axons Is Lost after Overexpression of
EphrinA5
Strips of retinas derived from control (A) and
ephrinA5- (B) infected embryos (E7) were an-
alyzed in the stripe assay with alternating ros-
tral and caudal tectal membranes as sub-
strates. Caudal membranes were labeled by
addition of fluorescent microspheres; retinal
axons were stained by 4-Di-10-Asp (D291;
Molecular Probes). Temporal and nasal ax-
ons of ephrinA5-infected retinae apparently
do not discriminate between rostral and cau-
dal membranes (B). In controls (A), temporal
axons, in contrast to nasal axons, showed the
typical striped outgrowth. Similar data were
obtained after ephrinA2 overexpression.
(C and D) Horizontal sections of ephrinA5- (C)
and control (D) infected embryos stained at
E4 with a monoclonal antibody against
ephrinA5, illustrating the level of overexpres-
sion usually obtained (nasal part of the retina
is oriented to the right).
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each of the separate experiments, temporal axons de-
rived from ephrinA2- or ephrinA5-overexpressing reti-
nas always showed a strongly reduced outgrowth selec-
tivity when compared with the temporal retinal axons of
controls; i.e., temporal axons from ligand-expressing
retinas typically showed a random outgrowth, with no
preference for either rostral or caudal membranes (Fig-
ures 4A and 4B). The growth behavior of nasal retinal
axons from infected retinas was indistinguishable from
controls, i.e., showed random outgrowth (Figures 4A
and 4B).
To analyze the level of retroviral infections, explant
cultures derived from stripes of infected retinas and
cryostat sections of eyes from E4 embryos were immu-
nohistochemically stained with anti-ephrinA2 and anti-
ephrinA5 antibodies. A high overexpression of these
Figure 5. Tyrosine Phosphorylation of the EphA4 Receptor in theproteins was evident (Figures 4C and 4D and data not
Retina Correlates with EphA4/EphrinA5 Coexpressionshown).
(Top) Nasal (N) and temporal (T) parts of E8 retinas from ephrinA5-The inability of the temporal axons of infected retinas
overexpressing (A) and control infected (B) embryos were lysed,to discriminate between rostral and caudal tectal mem-
and the EphA4 receptor was immunoprecipitated (IP) by a specificbranes was reminiscent of recent experiments in which
monoclonal antibody (Soans et al., 1994; Connor et al., 1998) and
soluble monomeric forms of A ephrins, when added to immunoblotted (IB) with an anti-phosphotyrosine antibody (4G10).
the medium in stripe assays, led to a loss of the striped In ephrinA5-overexpressing retinas (A), both nasal and temporal
receptors are strongly phosphorylated (arrow); in control infectedoutgrowth of temporal axons (Ciossek et al., 1998). Pre-
retinas, only nasal EphA4 receptors are substantially phosphory-sumably by binding to EphA receptors without subse-
lated, in contrast to temporally expressed EphA4 receptors. Tyrosinequent activation, monomeric ligands rendered the EphA
phosphorylation of these temporally expressed receptors can besystem unable to detect relevant guidance cues in these
detected only after longer exposure (data not shown).
experiments. (Right) The band corresponding to the EphA4 receptor is indicated
We have examined the possibility that the medium by an arrow. Left side, size marker in kilodaltons.
(Bottom) To verify the immunoprecipitation of similar amounts offrom stripe assays of ephrinA-infected retinas contained
EphA4, the filter was stripped and reprobed with an EphA4 antibody.a similar neutralizing activity that might have been de-
rived from the secretion of overexpressed A ephrins, for
example. To test this, medium from such stripe assays
noninfected nasal retina cut into thirds along the naso-was used in an additional series of stripe assays using
temporal axis showed a gradient of phosphorylation ofuninfected retinas. The normal striped outgrowth of tem-
the EphA4 receptor in the nasal retina that was highestporal axons was preserved (data not shown). It is there-
in the very nasal part of the retina and that weakenedfore unlikely that the loss of guidance of temporal axons
toward the center (data not shown).from ephrinA5-infected retinas is due to a neutralizing
These data point to an interesting correlation betweenactivity contained in the cell culture medium.
EphA4 receptor phosphorylation and the behavior of
retinal axons in the stripe assay, in that tyrosine phos-Phosphorylation Pattern of EphA4
phorylation of this receptor is linked to the insensitivityNext, we investigated whether the phosphorylation
of the axons to tectal guidance cues; temporal axonspatterns of EphA receptors are affected by the mem-
of control (infected) retinas carrying nonphosphorylatedbrane-bound, overexpressed A ephrins. Normally, EphA
EphA4 receptor show a selective outgrowth in the stripereceptors on nasal axons (e.g., EphA4) are activated by
assay, and nasal axons with a tyrosine-phosphorylatedendogenous A ephrins, whereas EphA receptors like
EphA4 show no guidance in stripe assays. In ephrinA5-EphA3 and EphA4, which are on temporal axons with
overexpressing retinas, EphA4 is phosphorylated onlittle endogeneous A ephrin expression, are not (Connor
both temporal and nasal axons, and concommittantly,et al., 1998). This phosphorylation pattern might have
both types of retinal axon have lost their capacity forbeen affected by overexpression of A ephrins on tempo-
selective outgrowth.ral retinal axons, leading to the observed phenotype.
To test this, we concentrated on the EphA4 receptor,
which is uniformly expressed in the retina and on retinal PI-PLC Treatment of Retinal Axons Induces
the Sensitivity of Nasal Axonsaxons. Lysates of nasal and temporal retinas were ana-
lyzed by immunoprecipitation with an EphA4-specific toward EphrinA2
As the overexpression of ephrinA ligands on temporalantibody and subsequently immunoblotted with an anti-
phosphotyrosine antibody. We find that in normal and axons abolishes their sensitivity to the tectal guidance
cues, we examined whether the removal of ephrinA li-control infected retinas, EphA4 is phosphorylated in the
nasal but only faintly in the temporal retina (Figure 5). gands from retinal axons would render them sensitive
to ephrinA2 (or caudal membranes), which they are nor-However, in retinas infected with an ephrinA5-express-
ing retrovirus, the EphA4 receptor on temporal axons mally not (Nakamoto et al., 1996; Monschau et al.,
1997). We used PI-PLC, which specifically cuts off GPI-was also strongly tyrosine phosphorylated (Figure 5).
Additionally, a tyrosine phosphorylation analysis from anchored proteins (Low, 1989), to shed both ephrinA2
Neuron
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Figure 6. Nasal Axons Acquire Sensitivity for
EphrinA2 after PI-PLC Treatment
Alternating stripes of clustered ephrinA2±Fc
versus clustered Fc were prepared on a nitro-
cellulose-treated plastic surface, onto which
a retinal explant was placed (see Experimen-
tal Procedures).
(A) Temporal axons show a striped out-
growth, in contrast to nasal axons, which are
apparently insensitive to the repellent activity
of ephrinA2. The behavior of temporal and
nasal axons is not distinguishable by stripe
assay analyses, in which membranes from
ephrinA2-transfected HEK 293 cells were
compared with mock-transfected HEK 293
cells (e.g., Monschau et al., 1997).
(B) The stripe assay experiment was per-
formed as in (A), but in the presence of 0.3
U/ml PI-PLC. This treatment leads to a striped
outgrowth of nasal axons, thus indicating a
sensitivity of these axons for ephrinA2.
(C) Quantitative analysis of the growth behav-
ior of nasal axons in the presence or absence
of PI-PLC. Results shown represent the sum-
mary of three independent experiments. Bars
indicate the percentage of explants in which
nasal axons show sensitivity to stripes coated
with ephrinA2±Fc, which is 81.3% with PI-
PLC treatment (n 5 32) versus 22.6% without
PI-PLC treatment (n 5 31). Statistical analy-
ses using the x2 test and Fisher's test indicate
the significance of the results, with x2 5 21.73
and Fisher's exact p value 5 0.0001.
and ephrinA5 from retinal axons. To prevent the simulta- (ephrinA2±Fc) and which thus is no longer sensitive to
cleavage by PI-PLC. Results of these stripe assays areneous inactivation of ephrinA2 contained in the cell
membranes from which stripes in the standard stripe shown in Figure 6. Nasal axons, which are normally not
sensitive to either caudal tectal membranes or ephrinA2assay were made, we took advantage of a different kind
of stripe assay (Vielmetter et al., 1994). Here, first a (Figure 6A), show after PI-PLC treatment a clear repul-
sive reaction to ephrinA2 (Figures 6B and 7). In a numberspecial silicone matrix forming a stripe-like channel sys-
tem is placed on a nitrocellulose-covered plastic sur- of experiments, we observed a complete repulsion simi-
lar to the behavior of temporal axons, but we often alsoface. Subsequently, injected soluble, clustered A ephrins
will be bound in a striped fashion to this surface (see found only a partial repulsion, which was possibly due
to an incomplete shedding of A ephrins by PI-PLC fromExperimental Procedures). We used a soluble chimeric
ephrinA2 molecule in which the hydrophobic C terminus retinal axons (Figure 6C; see also Experimental Proce-
dures). We were restricted in the amount of PI-PLC weis replaced by the Fc part of a human immunoglobulin
Coexpression of Eph Receptors and Ligands
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Figure 7. EphA Receptor Function Is Modu-
lated on Retinal Axons by Coexpressed
EphrinA Ligands
(Top, center) Uniformly expressed EphA re-
ceptors are tyrosine phosphorylated on nasal
axons owing to a coexpression with A
ephrins. In contrast, they are only slightly
phosphorylated on temporal axons, which
express A ephrins to a lesser extent (the level
of ligand expression is schematized by gray
tones; see Figure 3).
(Bottom, center) In the stripe assay, temporal
but not nasal axons are sensitive to ephrinA2,
resulting in a striped outgrowth.
Shedding of ephrinA ligands from nasal axons by PI-PLC treatment (top, left) or overexpression of A ephrins on temporal axons (top, right)
changes the behavior of retinal axons in the stripe assay; insensitivity to tectal guidance cues (random outgrowth) correlates with receptor/
ligand coexpression and EphA receptor phosphorylation, whereas striped outgrowth, indicating sensitivity to these guidance cues, is seen
only for axons with sole EphA receptor expression, i.e., without or with low levels of A ephrins (left).
Based on known interactions between A ephrins and EphA receptors, it is anticipated here that other uniformly expressed EphA receptors
(e.g., EphA5) show a phosphorylation pattern similar to that of EphA4. The EphA3 receptor, which in chick is gradedly expressed on temporal
RGC axons (high temporally, low medially) has not been put into this scheme. The proposed function of EphA3 in the guidance of temporal
retinal axons and the proposed regulation of EphA receptors on nasal axons by coexpressed ligands, on the other hand, are by no means
mutually exclusive and in fact might act in combination.
could add, as high concentrations of PI-PLC had a An example of a strong-to-medium targeting defect
strong effect on the general outgrowth of axons, which of retinal axons along the rostrocaudal axis is shown in
was possibly due to the shedding of GPI-anchored cell Figure 9. In this embryo, DiI crystals have been placed
adhesion molecules. Subsequent immunofluorescence in the temporo-dorsal periphery of the retina (Figure 9A).
analyses of explants from nasal axons confirmed the A TZ at the topographically correct site in the rostroven-
successful treatment by PI-PLC, in that retinal axons tral tectum is formed, however, only very diffusely (Fig-
showed a strongly reduced signal for ephrinA2 and ure 9B, compare with Figure 8B). Instead, a large fraction
ephrinA5 after PI-PLC treatment when compared with of axons overshoot this zone and project into topo-
controls (Figure 2). graphically inappropriate, midtectal and caudal tectal
domains.
Retinal Overexpression of EphrinA2 Leads The overshooting of retinal axons is still seen at a
to Topographic Targeting Errors of later stage of development on E17.5 (n 5 4). In contrast
Temporal Axons in the Tectum to the frequently disturbed projection of temporal axons,
We were interested in analyzing whether ephrinA over- the analysis of 11 nasal projections did not uncover clear
expression on retinal axons leads to any defects in the retinotopic defects (Table 1).
topographic patterning of retinal axons in vivo. To inves- Infections with control viruses did not affect the retino-
tigate the behavior of retinal fibers in ephrinA2-overex- tectal projection; thus, focused TZs of temporo-dorsal
pressing embryos (injections were made into the right (n 5 7) and somewhat less focused TZs of naso-dorsal
optic vesicle at E1.5, as described above), small popula- (n 5 4) axons, with few overshooting axons, were ob-
tions of retinal axons were labeled at E14.5 by inserting tained (Figure 8; Table 1). The control viruses contained
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine either the cDNA for alkaline phosphatase (RCAS[B]AP)
perchlorate (DiI) crystals (D282; Molecular Probes) into or no insert (RCAS[B]).
peripheral areas of the temporo-dorsal or naso-dorsal
After retroviral infection of the optic vesicles, the tecta
retina (MuÈ ller et al., 1998). The projection pattern was
of these embryos were also analyzed by immunofluores-
analyzed 2 days later at E16.5. A mature retinotectal
cence to check for the spread of retroviral infection. Noprojection with well-focused termination zones (TZs) is
ectopic ligand expression or only very small patchesestablished in chick by E16 (Nakamura and O'Leary,
were detected in the tectum, excluding the objection1989). At that time, DiI labeling shows retinal axons pro-
that the topographic targeting defects observed herejecting directly and without branching to the TZ, and
are associated with an ectopic overexpression of Aalmost no overshooting of axons is apparent (see, e.g.,
ephrins in the tectum. Indeed, the effects observed hereFigure 8).
(overshooting of temporal axons into the mid- and cau-After retinal overexpression of ephrinA2, in total, 29
dal tectum) are the opposite of those seen after overex-temporo-dorsal and 11 naso-dorsal projections were
pression of ephrinA2 in the tectum (Nakamoto et al.,obtained for which the guidance behavior on the tectum
1996), where the TZs of temporal axons were shiftedcould be analyzed clearly. As shown in Table 1, retino-
toward more rostral parts of the tectum; moreover, tem-topic errors of temporo-dorsal axons were found in 25
poral axons were sometimes deflected from patches ofout of these 29 cases. They were further classified into
ectopic ephrinA2. Conversely, no overshooting of tem-those with strong-to-medium targeting defects (14 of
poral axons was reported, which would, in light of the29) and those with medium-to-weak defects (11 of 29).
data presented here, suggest that a spread of the viralThe basis for this classification were the compactness
infection from the mesencephalon to the optic vesicleof the TZ, if present at all, and the number of axons
overshooting this zone. had occurred.
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Figure 8. A Compact Termination Zone of
Temporal Axons Is Formed after Infection
with a RCAS(B) Control Virus
After retrovirus injection into the optic vesicle
at E1.5, at E14.5, a subpopulation of retinal
axons was DiI labeled; tecta and retina were
isolated at E16.5.
(A) Camera lucida drawing of the flat mounted
retina. The location of the DiI crystral in a
temporo-dorsal position close to the naso-
temporal midline of the retina and the path
of labeled axons toward the optic fissure are
indicated.
(B) On the contralateral tectum of this em-
bryo, axons project directly into a compact,
well-focused termination zone that is located
in a topographically appropriate rostroventral
position. Very few axons overshoot the TZ.
Abbreviations: D, dorsal; N, nasal; T, tempo-
ral; and V, ventral. Scale bar, 1 mm.
Discussion expression of ephrinA2 and ephrinA5 on the axons of
RGCs and the development of the retinotectal pro-
jection.The presently favored model of development of the reti-
notectal projection, formulated by Sperry (1963) in the
chemoaffinity hypothesis, predicts the graded expres- Receptor/Ligand Coexpression and Its
Consequences for Axon Guidancesion of receptors in the retina and of a complementary
set of ligands in the tectum, which would provide in- In Vitro
Up to now, the characterization of the Eph family in thegrowing retinal axons with positional and directional
information to find their correct retinotopic position. development of the retinotectal projection has largely
focused on the retinal expression of EphA receptors andMembers of the Eph family are believed to be strongly
involved in this patterning process, based on comple- the tectal expression of ephrins, which has led to a
rather coherent idea for the guidance of temporal retinalmentary gradients of EphA receptors and ephrinA li-
gands in the retina and tectum, respectively, and on axons (reviewed by Drescher et al., 1997; Flanagan and
Vanderhaeghen, 1998). However, the same did not holdfunctional characterizations in vitro and in vivo. Here,
we show that ephrins A2 and A5 are localized not only true for nasal axons, as to date, there is no EphA receptor
known to be expressed in a gradient on chick nasalin the tectum but also on RGC axons in a high-nasal-to-
low-temporal expression pattern. Results of functional axons. The poorly understood insensitivity of nasal ax-
ons to ephrinA2, as seen in vitro in the stripe and col-studies carried out after perturbing the asymmetric li-
gand expression suggest a strong connection between lapse assays (Nakamoto et al., 1996; Monschau et al.,
Table 1. Topographic Targeting Errors of Temporo-dorsal and Naso-dorsal Retinal Axons after Retinal Overexpression of Ephrin A2
Type of Axons Strong-to-Medium Medium-to-Weak
Virus Injected Analyzed Defects Defects Normal
RCAS(B) ephrin A2 Temporo-dorsal 14 11 4
Naso-dorsal 0 2 9
RCAS(B) or RCAS(B) AP Temporo-dorsal 0 0 7
Naso-dorsal 0 0 4
A topographic effect is indicated by an overshooting of temporo-dorsal axons into the mid- and caudal ventral tectum. Strong-to-medium
defect: TZ poorly developed, many overshooting axons; medium-to-weak effect: TZ more developed, fewer overshooting axons. In the case
of nasal axons, a less well-focused TZ in the caudo-ventral tectum was considered as a weak local defect. Only projections that have been
reasonably well-labeled with DiI have been taken into account.
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Figure 9. Topographic Targeting Errors of
Temporal Axons after Infection with a Retro-
virus Expressing EphrinA2
After infection of the optic vesicle at E1.5 with
an ephrinA2-expressing RCAS retrovirus and
DiI labeling of temporo-dorsal retinal fibers
at E14.5, the retina and tecta were analyzed
at E16.5. (A) Camera lucida drawing of the
flat mounted retina; the position of the DiI
crystral in the temporo-dorsal periphery and
the path of labeled retinal axons to the optic
fissure are indicated.
(B) In the rostral part of the contralateral ven-
tral tectum, a very faint, diffuse TZ (marked
by a dotted lined circle) is formed. However,
numerous retinal axons overshoot into the
topographically inappropriate central and
caudal tectum.
Abbreviations: D, dorsal; N, nasal; T, tempo-
ral; and V, ventral. Scale bar, 1 mm.
1997) and in vivo in overexpression experiments (Naka- of A ephrins on temporal axons led to the phosphoryla-
tion of EphA receptors localized on these axons. Com-moto et al., 1996), is another puzzle. This latter phenom-
bined with the stripe assay data, our results thus showenon was especially surprising, because nasal axons
an (inverse) correlation between the level of receptorexpress EphA receptors such as EphA4, which, in princi-
phosphorylation (controlled by the presence or absenceple, are able to mediate the repulsive effect of ephrinA2
of A ephrins) and the guidance behavior of retinal axons.(Ohta et al., 1997).
The importance of the EphA receptor phosphorylationA key to resolving this and related questions appeared
pattern for retinal axon guidance is evidenced by otherto lie possibly in the coexpression of ligands and recep-
observations. First, blocking the EphA system by neu-tors, especially on nasal axons. To follow this up, we
tralizing soluble monomeric A ephrins completely abol-overexpressed A ephrins on temporal axons and re-
ishes the striped outgrowth of retinal axons, indicatingmoved A ephrins from nasal axons in the stripe assay.
that the EphA subfamily is a key component in the selec-Interestingly, temporal axons ectopically expressing A
tive growth of retinal axons in the stripe assay (Ciossekephrins no longer showed striped outgrowth behavior,
et al., 1998). Second, there is a correlation betweeni.e., they appeared to have lost their sensitivity to tectal
EphA receptor phosphorylation and growth cone col-axon guidance cues; conversely, nasal axons behaved
lapse (Ciossek et al., 1998). Growth cone collapse inlike temporal axons after the removal of A ephrins from
turn is thought to be closely related to axon guidancetheir surface, i.e., they showed a selective outgrowth in
(e.g., Walter et al., 1990). However, it might be importantthe stripe assay in response to ephrinA2. Thus, possibly
to differentiate here between two modes of action: aa function of these ligands on retinal axons is to modify/
transient change in the phosphorylation level of EphAregulate the signal transduction capacity of coex-
receptors possibly leads to growth cone collapse,pressed Eph receptors.
whereas a sustained phosphorylation (due to the invari-
ant colocalization with ligands) might turn on adaptation
The Guidance of Retinal Axons In Vitro Correlates processes that render retinal growth cones correspond-
with the Tyrosine Phosphorylation Pattern ingly insensitive to external cues (Ciossek et al., 1998).
of EphA Receptors The general capacity of retinal axons for adaptation is
On nasal axons strongly expressing A ephrins, a high per- well known; temporal axons will grow on substrates of
centage of EphA receptors are phosphorylated, whereas pure caudal tectal membranes and rostral membranes
on temporal axons expressing lower amounts of ligands, alike (MuÈ ller et al., 1990). Only if temporal axons are
only a low percentage of EphA receptors are phosphory- offered the choice of growing on either rostral or caudal
membranes do they prefer to grow on membranes fromlated (Connor et al., 1998, and Figure 5). Overexpression
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their natural target area, the rostral tectum (Walter et vitro and as an angiogenic factor in vivo, which sug-
gested the existence of an autocrine or paracrine loopal., 1987). In this case, constant exposure of EphA recep-
involved in TNFa-induced inflammatory responses (Pan-tors by coexpressed ligands appears to lead to similar
dey et al., 1995). Generally, within the superfamily ofhabituative consequences.
receptor tyrosine kinases, coexpression of ligands andIt is also possible to imagine that binding of ligand to
receptors is a well-known phenomenon and is seen,receptor on the same or adjacent axons (see below)
e.g., for hepatocyte growth factor/Met (e.g., Anastasi etcould result in a pool of ªsilencedº receptors, with the
al., 1997) or in the coexpression of brain-derived neuro-consequence of a complementary pool of ªfreeº recep-
trophic factor and trkB on retinal ganglion cell axonstors that still can be activated externally. Thus, the higher
possibly involved in differentiation and proliferationthe axonal ligand concentration, the lower the pool of
(e.g., Herzog and von Bartheld, 1998).free receptor and thus the lower the sensitivity to exter-
nal cues.
Conclusions and OutlookIt remains to be determined whether the modulation of
The effects seen after perturbation of asymmetric ligandEphA receptor function by coexpressed ephrinA ligands
expression in the retina suggest a model in which thecan be cell-autonomous, i.e., whether an interaction of
guidance of retinal axons in the tectum is controlled toreceptors and ligands between adjacent axons and/or
a large extent by a differential (possibly graded) expres-on the same axon is the basis for the observed effects.
sion of ephrinA ligands on ingrowing retinal axons but
is based on uniform EphA receptor expression on theseTopographic Targeting Errors of Temporal Retinal
axons. Thus, a ªnasalº behavior, i.e., lower sensitivityAxons after Retinal EphrinA2 Expression
to tectal guidance cues and projection to the caudalThis idea was strengthened by data derived from in vivo
tectum, is determined by the higher expression of ligandexperiments that were in general agreement with the in
on retinal axons, whereas a ªtemporalº behavior, i.e.,vitro data; after retinal overexpression of ephrinA2, in a
higher sensitivity to the repellent cues, is determinedhigh number of cases, a topographic perturbation of
by the lower expression of A ephrins. Either of thesetemporal axons was observed. Temporal axons often
behaviors can be obtained for temporal and nasal axonsprojected not to their correct retinotopic position on the
by ªsimplyº varying the level of ligand expression. Still,rostral tectum but to the midtectum and caudal tectum,
we believe that EphA receptors execute the guidancesuggesting a decreased sensitivity of these axons to
program by influencing locally, e.g., the assembly andthe repellent activity of the caudal tectum. Retinal axons
disassembly of the actin cytoskeleton, but it does ap-could also be seen to overshoot at a later stage of
pear that in doing so, the level of ligand expressiondevelopment (E17.5), which suggests that the topo-
determines the decisive concentration of active EphA
graphic mistargeting of temporal axons is not due to
receptors available.
a retarded development of the retinotectal projection
Interestingly, the expression patterns of ephrinA2 and
(Nakamura and O'Leary, 1989). ephrinA5 in the retina and the tectum appear to be sur-
Thus far we have not observed significant topographic prisingly similar (see Figure 3); the expression domain of
errors of nasal axons comparable to those seen for tem- ephrinA5 is confined to nasal retina and caudal tectum,
poral axons. Possibly, nasal axons are less sensitive whereas that of ephrinA2 extends further into temporal
than temporal axons to ephrinA2 overexpression, be- retina and rostral tectum. Viewed from this angle, axons
cause they even normally express ephrinA2 at high lev- with high ligand concentration (nasal axons) connect to
els. At present, we are also investigating the possibility regions of the tectum with high ligand concentration
that retinal overexpression of ephrinA5 is more effective (caudal), and axons with low ligand concentration (tem-
in disturbing the retinotopic projection of nasal axons. poral axons) connect to regions in the tectum with low
ligand concentration (rostral). At present, it is not known
Coexpression of Eph Receptors and Ephrins how axonally expressed ligands might be discriminated
in Other Systems from tectally expressed ligands. A possible answer is
Although complementary expression patterns of ligands provided by the findings made by Stein et al. (1998)
and receptors appear to dominate within the Eph family, showing that the level of clustering of Eph ligands, i.e.,
coexpressions have been observed in a number of re- dimeric versus multimeric forms, plays a decisive role
gions in the developing embryo, such as in the somites with respect to the mode of the intracellular signaling
and in the limbs (e.g., Flenniken et al., 1996). The number of the corresponding Eph receptor.
of sites of coexpression might be underestimated at Future experiments will be directed toward investigat-
present, as in a number of these investigations, receptor ing possible effects on the topographic projection pattern
or ligand Fc/AP fusion proteins were used, which might of retinal axons after abolishment of ephrinA expression
not detect sites of overlap if the corresponding binding in vivo, such as the spatially restricted inactivation of
both ephrinA2 and ephrinA5 on RGC axons, wherebysites of these Fc/AP fusion proteins are engaged in en-
the tectal expression of these molecules remains un-dogenous ligand±receptor interactions. Future studies
touched.using, e.g., antibodies not interfering with these interac-
tions might uncover additional regions of ligand±recep-
Experimental Procedurestor coexpression.
Coexpression of ephrins and Eph receptors has been
Immunofluorescence
functionally characterized thus far only outside the ner- Antibodies
vous system. Here, ephrinA1 was identified as a che- mAbs were produced against chick EphA3, ephrinA2, and ephrinA5
for use in immunohistochemistry as reported previously for the mAbmoattractant for EphA2-expressing endothelial cells in
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against EphA4 (Ohta et al., 1996). The chimeric proteins of chick min at 378C, the solution was removed and the dish was washed
once with 750 ml PBS plus Ca21/Mg21. Subsequently, laminin at aEphA3±Fc, ephrinA2±Fc, and ephrinA5±Fc were constructed with
the extracellular domains of chick EphA3, ephrinA2, and ephrinA5 concentration of 20±25 mg/ml was added. After incubation for 1 hr
at 378C and washing with 750 ml PBS plus Ca21/Mg21, dishes wereand the Fc region of the human immunoglobulin gene and were
transiently produced in COS cells and purified from the culture su- covered with F12 medium until retinal stripes were placed on these
stripes. To identify and confirm the correct formation of stripes, thepernatants with a protein G-Sepharose column (Ohta et al., 1997).
BALB/c female mice were immunized with these chimeric proteins, solution first injected was prepared with 110 mg/ml FITC-dextran.
PI-PLC (Boehringer Mannheim) was used where indicated at con-and mAbs were produced as described previously (Ohta et al., 1996).
The specificity of these mAbs was confirmed by staining trans- centrations of 0.3±0.55 U/ml.
The assay was found to be somewhat susceptible to artifacts,formant cell lines of 293-EphA3, 293-EphA4, 293-ephrinA2, and 293-
ephrinA5. Each of the monoclonal antibodies used is specific for e.g., unspecific avoidance of the stripes generated first. Extensive
care was taken to ensure proper controls within each experimentthe respective protein and does not cross-react with closely related
family members (e.g., there is no cross-reactivity of the monoclonal performed. The only experiments taken into consideration were
those that showed more than 80% correct decisions in controlsantibody against ephrinA5 to ephrinA2 and vice versa).
Staining of Sections (n . 10; ephrinA2±Fc/aFc versus Fc/aFc and Fc/aFc versus Fc/
aFc). Out of a set of eight experiments, only three fulfilled theseEmbryos of the indicated developmental age were fixed overnight in
4% paraformaldehyde (PFA)/phosphate-buffered saline (PBS) and criteria. In the other experiments, controls were usually in the range
of 55%±65%, but even here, in most cases (three of five) a clearstored in 30% sucrose/PBS. Cryostat sections (20 mm) from these
embryos were dried for 2 hr at room temperature and rehydrated increase in the percentage of nasal axons showing a striped out-
growth was observed.for 10 min in PBS. Sections were incubated for 5 min in 50% metha-
nol/PBS, 30 min in 3% H2O2/methanol, and 3 min in 50% methanol/
PBS. After washing three times for 10 min in PBS, sections were Cloning of Retroviral Constructs
blocked for 2 hr in 2% blocking reagent (Boehringer Mannheim), A fragment from the cDNA encoding ephrinA2 was amplified by
10% inactivated newborn goat serum, 5% sucrose, 0.3% Triton PCR using the primers 59-ATA TAC CAT GGC GCG CTG GGA-39
X-100, and 50 mg/ml avidin (Sigma) in PBS and incubated with and 59-GCA CTA AGA GCC CAG CAG A-39, introducing an NcoI site
the first antibody (about 5 mg/ml) overnight at 48C. After washing, at the initiation codon. This fragment was cloned into a NcoI/SmaI
sections were incubated for 10 min in 100 mM d-biotin (Sigma)/PBS. vector of the pCla12Nco helper plasmid, from which the correspond-
Biotinylated secondary antibody (anti-mouse IgG from horse) was ing ClaI fragment containing the 59 untranslated region of v-src was
applied at 1:1000 to 1:2000 in blocking solution (without avidin) for cloned into pRCAS(B). In a similar way, an ephrinA5 containing
1 hr at room temperature. After washing, sections were incubated retrovirus was cloned with the primers 59-ATA TAC CAT GGC GCA
in an avidin±biotin peroxidase complex (ABC kit, Vector) for 1 hr. CGT GGA G-39 and 59-GGA GCA TAC TGT GCT ATA ATA TC-39.
After washing, sections were incubated for 5 min in 2 mg/ml DAPI/ High-titer stocks were generated by transfection of these plasmids
PBS and washed. Fluorescein tyramide (15 mm)/H2O2 (2mM) in PBS into line zero chicken embryo fibroblasts according to published
(fluoresceinated tyramide was synthesized from 10 mM tyramine protocols (Fekete and Cepko, 1993; Morgan and Fekete, 1996). Ti-
[Fluka] and 10 mM carboxyfluorescein succinimidylester [Molecular ters used for injection into the eye of fertilized chicken eggs (white
Probes] in DMSO) was added, incubated for 30 min in the dark, leghorn) obtained from a local supplier or from Lohmann Tierzucht
washed, mounted in moviol, and analyzed with a Zeiss axiophot. GmbH (Cuxhaven, Germany; virus-free specific pathogen-free eggs)
Staining of Explants were .108 IU/ml.
Coverslips were incubated in poly-L-lysine (1 mg/ml) and laminin
(20 mg/ml) for 2 hr each before retinal explants from E6 embryos Acknowledgments
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Stripe Assay Analyses
The standard stripe assay using membranes derived from tectal References
tissue or transfected cells (as shown, e.g., in Figure 4) was performed
as decribed elsewhere (Walter et al., 1987; Baier and Klostermann, Anastasi, S., Giordano, S., Sthandier, O., Gambarotta, G., Maione,
1994). In the other type of stripe assay (as shown, e.g., in Figure 6), R., Comoglio, A., and Amati, P. (1997). A natural hepatocyte growth
soluble proteins were bound to nitrocellulose-coated cell culture factor/scatter factor autocrine loop in myoblast cells and the effect
dishes in narrow alternating stripes with a special silicone matrix. of the constitutive Met kinase activation on myogenic differentiation.
The technique for performing this stripe assay is described in detail J. Cell Biol. 137, 1057±1068.
by Vielmetter et al. (1990). In brief, 5 cm2 of nitrocellulose was dis- Baier, H., and Klostermann, S. (1994). Axon guidance and growth
solved in 12 ml MeOH, 0.66 ml of which was added per 6 cm tissue cone collapse in vitro. Neuroprotocols 4, 96±105.
culture petri dish and evaporated overnight. A silicone matrix con-
Brennan, C., Monschau, B., Lindberg, R., Guthrie, B., Drescher, U.,taining a special grid of small channels was placed onto the nitrocel-
Bonhoeffer, F., and Holder, N. (1997). Two Eph receptor tyrosinelulose-treated dish and carefully pressed onto the surface. For the
kinase ligands control axon growth and may be involved in thefirst stripe, purified ephrinA2±Fc ligand (7.5±8.5 mg/ml) and anti-Fc
creation of the retinotectal map in the zebrafish. Development 124,antibody (75±85 mg/ml) were preincubated for 1 hr. Subsequently,
655±664.about 100 ml were injected into the silicone matrix and incubated
Cheng, H.J., Nakamoto, M., Bergemann, A.D., and Flanagan, J.G.at 378C for 30 min. Then, the channels were flushed once with 300
(1995). Complementary gradients in expression and binding of elf-1ml PBS containing Ca21/Mg21. After removal of the silicon matrix,
and mek4 in development of the topographic retinotectal projectionthe second solution, containing Fc protein, was added (3±3.4 mg/
map. Cell 82, 371±381.ml) and preclustered with an anti-Fc antibody (30±34 mg/ml) for 1±2
hr, thus generating the second stripe. After incubation again for 30 Ciossek, T., Monschau, B., Kremoser, C., LoÈ schinger, J., Lang, S.,
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